Introduction
It is very important to analyze gene expression for the postgenomic era. Surface-confined probe DNA chips are fabricated for the analysis of a huge number of gene expressions. A selfassembly technique can be applied to the immobilization of biomaterials, such as protein, antibody and oligonucleotide, as well as synthetic polymers, [1] [2] [3] to develop novel biosensor configurations. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In our previous work, we fabricated a reusable enzyme electrode based on the formation of a stable self-assembly technique and polyion complex. 13 Most conventional DNA chips have used the direct immobilization of probe DNA on a substrate. The self-assembly of thiolterminated DNA has also been used. [14] [15] [16] The primary problem in developing a selective DNA chip is introducing a probe DNA in a functional state at high efficiency to the substrate surface. To overcome this problem, we developed a self-assembled DNA conjugated polymer for novel DNA chip fabrication. A polymer side chain was covalently modified with disulfide bridges and single-strand DNA (ssDNA). The self-assembled DNA conjugated polymer has an advantage for DNA chip fabrication. The polymer main chain is hydrophobic, and hence it can adhere to a gold substrate surface, whereas the hydrophilic DNA of the polymer side chain is exposed to the solution. Miyachi et al. have reported the hydrophobic properties of a plasma-polymerized polymer thin film that plays an important role in reducing nonspecific DNA adsorption to glass substrate. 17 In the present work, DNA conjugated polymer was prepared using polyallylamine (PAAm) modified with ssDNA as a probe, and thioctic acid (TA) for self-assembled immobilization. Selective DNA hybridization on the selfassembly conjugated surface can be expected. The interaction between fully matched DNA and DNA conjugated polymer was investigated by SPR. The effect of the pH on the hybridization efficiency and the selectivity was also examined.
Experimental

Preparation of DNA-conjugated polyallylamine
The DNA-conjugated polyallylamine was prepared as follows: the amino group of PAAm was modified with TA using carboxyl activating reagents. 18 Polyallylamine (PAAm) hydrochloride (Mw: 70000, 13 mM monomer unit) and TA (1.3 mM), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) (13 mM) and N-hydroxysuccinimide (NHS) (13 mM) were dissolved in HEPES buffer (50 mM, pH 8.0), stirred for 24 h at 25˚C. Residual unbound low-molecular weight reagents were subsequently removed by ultrafiltration. The TA-modified PAAm (TA-PAAm) was obtained after freeze-drying. The TA-PAAm was modified with ssDNA. An amino group of 3′-amino-terminated ssDNA was replaced to NHS-ester group by a disuccinimidyl suberate. 19 Then, 2 mg of the TA-PAAm was dissolved with TAPS (10 mM)/EDTA (1 mM), pH 9.1 solution. Subsequently, 2 mg of NHS-esterssDNA was added to TA-PAAm solution dropwise during five min, i.e. the molar ratio of the amino group of PAAm to the NHS-ester group of ssDNA was 200:1. The reaction was allowed to proceed for 3 days at 25˚C. DNA-conjugated PAAm was obtained after ultrafiltration and freeze-drying.
A schematic description of the polymer unit is shown in Fig. 1 .
The sequences of the probe, fully matched and unmatched DNAs were 5′-TCC-TCT-TCA-TCC-TGC-TGC-TAT-GCC-TCA-TCT-3′-R1, 5′-AGA-TGA-GGC-ATA-GCA-GCA-GGA-TGA-AGA-GGA-3′-R2 and 5′-CTT-CGA-ATG-AAG-CCT-AAC-GGT-CGG-ACG-ATA-3′-R3, respectively.
R1 was -(CH2)7-NH2 or -(CH2)6-SH. R2 was -(CH2)7-FITC or none. R3 was -(CH2)7-FITC or none.
Fluorescence imaging
The gold substrate surface was observed via fluorescence microscopy (Leica. MZFLIII) with a GFP3 filter. with methanol solution and distilled water and then incubated in DNA-conjugated PAAm solution (2.0 mg/ml) for 24 h at 25˚C. DNA-conjugated PAAm-immobilized substrate was immersed into either a FITC-labeled fully matched or unmatched DNA solution (7.0 µM), respectively, for 30 min at 55˚C. These labeled substrates were rinsed with CAPS buffer (10 mM, pH 10.0) in order to remove any excess loosely bound DNA from the surface.
SPR measurement
The experiments were performed with a BIACORE 3000 system. All of the measurement procedures were carried out at a flow rate of 1.0 µl/min at 25˚C (except for the immobilization of DNA-conjugated PAAm on gold substrate, it was left for 24 h at 4˚C). The base line was equilibrated with Tris-HCl (10 mM)/EDTA (1.0 mM)/NaCl (1.0 M), pH 8.0 solution before injecting the sample.
Results and Discussion
The DNA-conjugated PAAm-immobilized substrate was investigated regarding self-assembled immobilization and hybridization on a surface by fluorescence microscopy (Fig. 2) . In the case of fully matched DNA solution-soaked substrate, fluorescence was observed on a gold after washing. This suggests that hybridization occurred. In the case of unmatched DNA, no fluorescence was observed on gold due to no hybridization.
DNA-conjugated PAAm was specifically immobilized on gold by a self-assembly technique, and its substrate could recognize fully matched DNA over unmatched.
The adsorption curve of DNA-conjugated PAAm with TA in Tris-HCl (10 mM)/EDTA (1.0 mM)/NaCl (1.0 M), pH 8.0 solution indicated that the SPR response only slightly decreased after washing with buffer solution (Fig. 3a) . This shows that the DNA-conjugated PAAm with TA can be immobilized on the surface by a self-assembly technique.
In contrast, the adsorption curve of DNA-conjugated PAAm without TA (Fig.  3b) indicated that this polymer could be retained on the surface after washing. This was probably due to the non-specific adsorption of probe DNA on gold. However, the amount of the polymer was smaller than DNA-conjugated PAAm with TA. The SPR response of PAAm almost decreased after washing (Fig. 3c) . with buffer solution, a second aliquot of fully matched DNA (20 µg/ml) was injected to DNA-conjugated PAAm-immobilized substrate. The observed response to fully matched DNA, 263 RU, was much higher than unmatched DNA, 36 RU. This result indicates that the DNA-conjugated PAAm-immobilized substrate highly recognized fully matched DNA. The baseline drift observed during the injection of the sample, shown as a gradual increase in the slope response, can be attributed to swelling of the polymer. The effect of the pH on the hybridization selectivity was investigated using DNA-conjugated PAAm-immobilized substrate. Figure 5 shows calibration curves of fully matched DNA at pH 8.0 and 10.0. The SPR response increased with the addition of fully matched DNA over unmatched DNA under both pH conditions. However, in the case of pH 8.0, the difference in the response was very small between fully matched and unmatched DNA. DNA-conjugated PAAm has a cationic property below pKa (9.5) of PAAm. Hybridization efficiency decreased at pH 8.0 due to an ion complex between the amino group of PAAm and the probe DNA on the gold substrate. Higher efficiency was observed at pH 10.0, because of no ion complex formation. Since nonspecific adsorption due to an ion complex between the amino group of DNA-conjugated PAAm and injected DNA did not occur, almost the same response to unmatched DNA was observed under both pH conditions.
Based on these results, DNA hybridization selectivity was improved by changing the pH condition.
The effect of the immobilization time for DNA-conjugated PAAm was also investigated. DNA-conjugated PAAm was immobilized for 24 h and 1 h for comparison. After injecting fully matched DNA, the SPR response for 24 h was 2.7 times higher than for 1 h. This result indicates that a longer incubation time improved the immobilization of DNAconjugated PAAm. The hybridization efficiency was also improved by a longer incubation of DNA with conjugated PAAm.
DNA-conjugated PAAm was compared to a conventional DNA chip using thiol-terminated DNA to investigate the selectivity for fully matched DNA. In this experiment, the observed SPR response after the injection of a 1.0 µg/ml sample was normalized by fully matched DNA response. In the case of a conventional chip, the normalized unmatched DNA value was 80%. On the other hand, when DNA-conjugated PAAmimmobilized substrate was analyzed, the normalized unmatched DNA value was 28% (data not shown). This suggested that the subsequent hybridization of DNA-conjugated polymer was much more selective, compared with the conventional thiolterminated DNA immobilized substrate. The DNA-conjugated PAAm-immobilized substrate not only recognizes fully matched DNA, but also reduces the non-specific adsorption of unmatched DNA due to a polymer coating. For a conventional chip, alkanethiol was used to reduce non-specific adsorption, followed by immobilization of probe-DNA on substrate. 10, 16 However, probe DNA can easily be immobilized using DNAconjugated polymer in a single step. The self-assembled immobilization of DNA-conjugated polymer could lead to the design of novel DNA chips.
